Tip-Induced Rotation of Emission Polarization
shows the total fluorescence signal summed in both polarization channels when the tip was scanned over a QD: the background signal in each polarization channel was subtracted separately. The data column corresponding to each lateral position of the tip was normalized to the average signal for large tip heights (z > 50 nm) at that lateral position. The calculated DOP is shown in Fig. 1B . In both Figs. 1A and B, the delineated white region is the overlaid topography of the QD obtained from the AFM data. The blue line in Fig. 1C shows the DOP as a function of lateral tip position when the tip is very close to the sample surface (z < 2 nm), while the green line is the DOP when the tip is far above the sample plane (z > 50 nm).
The fluorescence signal is reduced when the tip is near the QD, as demonstrated by the colorscale in Fig. 1A . The quenching of fluorescence is mainly due to energy transfer from the QD to the gold tip 1 . When the tip is far above the QD, the DOP has a constant value of ∼ 0.1, as indicated by the green line in Fig. 1C : this positive DOP value indicates that the QD emission is more strongly polarized along the x-axis than the y-axis. When the tip approaches the QD on either side, the DOP value becomes negative, indicating that the polarization has been rotated toward the y-axis: this is clearly demonstrated by the blue line in Fig. 1C . FDTD simulations demonstrate that this polarization rotation is caused by redirection of the QD emission toward the tip.
Phase and Magnitude of E z in the near-field 
Magnitude of E z plotted on a log scale (color scale not shown for simplicity). Panels A and B measure 100 × 50 nm, and the scale bar in panel B is 20 nm in length. The dipole is positioned 2 nm above the interface (represented by the black dashed line) and is tilted by 45 • . The red dashed lines delineate the phase boundary in the near-field. Figure 2 shows the phase and magnitude of the vertical field component, E z for a simulated dipole tilted by 45 • relative to the vertical, which is same orientation as that used in Fig. 2 and Fig. 4 in the paper. This simulation demonstrates that the phase of the optical field relative to the oscillation phase of the dipole depends very sensitively on the location of the field point being sampled in the near-field zone. For the tilted source dipole represented in Fig. 2 , the optical phase (and magnitude) pattern is also tilted, which provides an explanation for the asymmetry in the simulated directionality and DOP values in the +x vs. −x directions (cf. Fig. 2 , and Fig. 4 in the paper).
In the electrostatic limit (neglecting retardation effects), the induced dipole in a nanoparticle sitting in the phase zones marked I and III will have a dipole moment that is antialigned (out of phase) with the source dipole whereas a nano-particle sitting in the phase zone II will have a dipole moment aligned (in phase) with the source dipole. These conditions exist only when the size of nano-particle is small enough to be within each phase zone. Although the scanning tip we use has a semi-infinite geometry, which perturbs the phase in a complicated way, these plots provide a qualitative explanation for the asymmetry observed in Figs. 2 and 4 of the paper. Note that a tilt and asymmetry in the tip geometry will also quantitatively change the DOP and directionality curves. A conical gold tip is situated on the air side of the interface and extends beyond the PML boundary. A Hertzian dipole source is situated 2 nm above the air/glass interface and a near-field monitor (NFM) is situated 50 nm below the interface on the glass side. B) The field from NFM is projected onto a hemispherical surface of radius 1 meter, and the objective lens transforms the spherical field components, E θ and E φ , into transverse components aligned with the two polarization channels, E x and E y .
Simulation Details
We used the finite difference time domain (FDTD) simulation package from Lumerical Solutions Inc. to model our experimental measurements and predict emission patterns both in the presence and absence of a gold tip. A schematic of the simulation geometry is shown in Fig. 3A . In the simulation, a linear Hertzian dipole was situated 2 nm above an air/glass interface representing the sample plane. A solid cylindrical gold cone with a 15 nm radius of curvature and full open-angle of 15 • was used to represent the AFM tip. The actual AFM probes used in the experiments were commercially available Budget Sensors gold-coated tips (part no: Multi75GB-G). The simulation domain was enclosed by a perfectly matched layer (PML) boundary to prevent reflections and backscattering from the domain edges.
The real and imaginary parts of the refractive index for the gold tip were taken as n = 0.23 and k = 3.02, respectively, for a free-space wavelength of 605 nm 2, 3 , and the refractive index of glass was taken as n = 1.5 for all simulations. A near field monitor (NFM) was placed 50 nm below the interface within the glass to capture the field components required to project the far-field radiation pattern: the near field components are projected into the far field in polar coordinates (E r , E θ and E φ ) onto a hemispherical surface of radius 1 meter within the glass medium, as shown in Fig. 3B . In the near field, the magnitude of E r cannot be neglected and is in fact sometimes the dominant field component; in the far-field, however, E r is parallel to the propagation direction, and its magnitude is negligible. The infinity-corrected objective lens refracts the emitted light, thereby flattening the wavefronts and collimating the collected emission. Thus, the field components E θ and E φ are transformed to the components E x and E y , which are transverse to the optic axis and aligned with the two polarization channels of the detection system:
The factor 1/ √ cos θ is required to conserve energy as the light passes thorough the lens 4 . In our simulations, we take into account the maximum propagation angle that can be collected by the objective lens (NA = 1.4). Figure 4 shows the DOP (black) and directionality (red) for gold spheres with radii of 15 nm (dotted lines) and 50 nm (dashed lines), along with curves for a sharp tip with 15 nm radius of curvature (solid lines). Compared with a sphere of the same radius of curvature (15 nm), the AFM tip yields much better control over both polarization and direction. Compared with a much larger sphere (50 nm), the AFM tip yields somewhat better polarization control and much better directional control, but at the cost of requiring much better positional accuracy as the tip must be brought much closer to the emitter.
Comparing a Sharp Tip with Spherical and Linear Dipole Antennas
Previous work with linear dipole antennas was conducted under different conditions than our work here [5] [6] [7] . In particular, for a horizontally oriented emitter and a vertically oriented antenna displaced laterally (horizontally) by 20 nm, the emission pattern is dominated by the antenna mode, which is neither highly directional nor strongly polarized 5 . More recent work with a horizontally oriented antenna yielded strongly polarized emission, but poor directionality 7 . In Fig. 5 , we show simulated DOP and directionality (D x ) curves for a vertically oriented emitter as a function of the lateral displacement of a vertically-oriented linear dipole antenna with 15 nm radius, 15 radius of curvature at the ends, and total length of 100 nm, for five different emitter frequencies (wavelengths). Based on these simulations, the longitudinal plasmon resonance for For both graphs, the black, red, blue, magenta, and green curves represent emission wavelengths of 480, 580, 605, 660, and 700 nm, respectively. Panels A and B correspond to DOP and directionality respectively for a gold cylindrical dipole antenna with 15 nm radius, 15 nm radius of curvature (apex) and total length of 100 nm. The lower apex of the antenna is 4 nm above the air/glass interface (inset). The horizontal axis corresponds to the lateral displacement of the antenna apex relative to the dipole position. The symbols represent the simulated conditions and the curves are guides for the eye.
this dipole antenna occurs at a wavelength of ∼660 nm in free space (result not shown). The emission directionality at the plasmon resonance frequency (magenta curve in panel B) has a fairly strong peak (∼9 dB) due to an increase in the antenna's effective image dipole moment, which allows for control over directionality when the antenna apex is relatively far (∼40 nm) from the emitter; at this distance, however, the polarization control is poor (magenta curve in panel A). This illustrates the sensitivity of the directional and polarization control on the phase relationship between the emitter and the image dipole in the antenna. When the emitter frequency is off resonance, the antenna must get closer to the emitter to develop a sufficiently strong dipole moment, which brings the phase relationship into a better regime, and thus the directionality and polarization can be controlled simultaneously (e.g., red curves in panels A and B). Even in this case, however, the resultant directionality is significantly lower than for the non-resonant AFM tip shown in Fig. 4 and in the manuscript. Thus, compared to resonant dipole antennas of either spherical or linear geometry, the semi-infinite tip geometry enables better control over emission polarization and direction, but its position must be controlled very precisely.
Repeatability of DOP Measurements with Different Tips Fig. 6 shows seven different DOP approach curve measurements. Each measurement was made on a different QD using a different gold-coated AFM tip, and the measurements clearly demonstrate repeatability across a variety of tips. Since the distribution of DOP values when the tip is far above the sample is determined by the orientation of the QD emission dipole, the distribution of starting (large tip height) DOP is broad (e.g., see inset of Fig. 3 in the manuscript), and includes both positive and negative values depending on whether the effective dipole moment lies in the xz-or yz-plane, respectively. As each tip approaches a QD from above, the DOP is driven towards zero since most of the emission is then scattered from the tip, which has a vertical effective dipole orientation, as described in the manuscript. The repeatability of T i p -H e i g h t ( n m ) Figure 6 : Vertical DOP approach-curve measurements for seven different gold tips. These measurements were performed on different QDs. The length scale, shape, and consistent suppression of DOP magnitude for all tips demonstrates that the tips used to produce the 2D DOP maps shown in the manuscript and above were not particularly special, but rather represent typical data.
these measurements across several different tips demonstrates that the particular tips used to acquire 2D DOP maps (Fig. 2 in the manuscript and Fig. 1 above in the SI) are not special in any way, but rather quite representative. To characterize the "sharpness" of the tips used in this work, we performed a simple calibration whereby we assumed the AFM tip had a radius R and the QD a radius r, where r < R, as shown in Fig. 7 . In this model, when the tip is scanned over a QD to make an AFM image, the measured height (H = 2r) and lateral dimension (w) of the QD are related to the tip radius according to the relation 8 w 2 = 8RH. Using this relation, we determined the radius of curvature of the tips in this work to vary from 14 to 25 nm; this agrees with the specifications for these tips provided by the manufacturer: tip radius < 25 nm with a gold coating thickness of ∼70 nm, and a half-cone angle of 10 • at the tip apex. The particular tips used for Fig. 2 
